Introduction
The application of derivatives of camphor as chiral auxiliaries [1, 2] and starting materials [3] [4] [5] [6] is a well investigated area in organic chemis try, and num erous reports on the general chemis try of this ketone exist. Surprisingly, only little work has been done on the isomeric fenchone (l,3,3-trimethylbicyclo[2.2.1]heptan-2-one) (1) , al though it is available from the natural chiral pool in almost enantiomerically pure form as well. The main drawback, com pared with camphor, for the development of its chemistry, is without doubt the position of its carbonyl group betw een quaternary carbon atoms, first established by Semmler [7] , which excludes derivatization in the a-position. Noteworthy among its reactions are the form ation of 3-isopropyl-toluene by treatm ent with phos phorus pentoxide above 100 °C [8] , and of 3,4-dimethylacetophenone by heating with sulfuric acid [9] . The mechanism of the latter rearrangem ent has been elucidated by means of labeling with 14C and involves a primary 1,2-methyl shift of the carbocation formed by protonation of the carbonyl group [10] . The isomeric camphor is a by-product of this reaction. Thus, rearrangem ents can be ex * Reprint requests to Dr. R. Herrmann.
pected to accompany any attem pt to sulfonate fen chone, and only 50 years after these initial experi ments, conditions could be found where a fenchonesulfonic acid is isolated in good yields [11, 12] +. The suggestion made for the structure of this so-called &>-sulfonic acid (2) was based on a comparison of optical rotations of its salts with that of isomeric camphorsulfonic acids [11] , but of course, this is not a very convincing argument. O ther authors gathered further evidence for this structure by chemical correlation [12] ; they oxi dized fenchonesulfonyl chloride (3) with p er manganate and obtained a known acid, 3,3-dimethylbicyclo[2.2.1]heptan-2-one-l-carboxylic acid. In view of the application of (camphorsulfonyl)-oxaziridine and its derivatives [14] [15] [16] [17] [18] as chiral oxidizing agents for the preparation of chiral sul foxides from sulfides and other enantioselective reactions, we thought that fenchonesulfonic acid might be well-suited as starting m aterial for such an oxidant, and set out to explore its chemistry. Some results have been published earlier [18] [19] [20] [21] .
+ There exists an earlier publication [13] describing the toxicologic effects of the sodium salts of sulfonated camphor and sulfonated fenchone, without any indi cation of the access to these products, nor of their identification or of their purity 0932 -0776/95/0200 -0283 $06.00 © 1995 Verlag der Zeitschrift für Naturforschung. All rights reserved.
Results and Discussion
The sulfonation process of camphor and its halogenated derivatives is well understood, and dif ferent products are obtained depending on the re action conditions [22] [23] [24] , In contrast, even under very different conditions (gaseous S 0 3 [11] or sulfuric acid/acetanhydride [12] ), fenchone always yields the same sulfonic acid, without ac companying products of rearrangem ent, provided that no heating of the reaction mixture occurs. We first confirmed the structure of this sulfonic acid by two-dimensional C -C -correlation (IN A D EQ U A TE) [25, 26] of the cyclic imine (5), obtained by the reaction of the sulfonyl chloride with ammonia, followed by acid-induced cyclization [11] . The spectrum shows crosspeaks be tween all connected carbons, and in particular, the subunit C H 3-C q-C H 3 can be identified, which means that the original assumption of Treibs and Lorenz about the structure of 2 is defi nitely confirmed. Obviously, no rearrangem ent occurs during sulfonation. Oxidation of the imine (5) with 3-chloroperbenzoic acid cleanly yields the oxaziridine (6). Improved procedures for the prep aration of 6 and its precursors are given in the experim ental part.
W hen pure fenchonesulfonic acid (2) is treated with thionyl chloride in order to obtain its sulfonyl chloride (3), a by-product is observed whose am ount increases when higher tem peratures and longer reaction times are applied. Up to 20% of this by-product have been obtained. It still con tains a sulfonyl chloride group and could therefore not be separated from fenchonesulfonyl chloride directly. But it is possible to isolate the corre sponding sulfonamide after treatm ent of the reac tion mixture with ammonia. According to its NMR spectrum, the com pound has a chlorine atom in a bridgehead position of the bicyclo[2.2.1] skeleton, together with the two methyl groups in the m eth ylene bridge and a trisubstituted double bond. NM R data do not allow a conclusive decision if the double bond is endo-or exocyclic, as the com pound is not sufficiently soluble for IN A D EQUA TE spectroscopy. Both types of products have been obtained by acidolysis of the cyanohydrine of fenchone [27] . However, ozonolytic degradation of the quite inert double bond (which reacted only at room tem perature with ozone) led to a ketone (12) still possessing the bicyclo[2.2.1] structure and the chlorine atom, but lacking the sulfonamide group. This ketone was identified by NMR and mass spectroscopy; it has not yet been m entioned in the literature, but its NM R data compare well with that of an isomeric ketone [28] obtained by ozonolysis of 1-chloro-camphene [29] . The double bond of the sulfonamide is therefore exocyclic, and the structure of the compound is (ii) ; the Z-configuration of the double bond is ob vious from the two-dimensional ROESY and NOESY spectra which show strong cross-peaks of the olefinic hydrogen with the hydrogen atoms at C-3. This can happen only if the configuration of the double bond is Z; geometry-optimized models (MM+) of the two compounds show the distances between these hydrogens to be approximately 2.5 and 3.1 A in the Z-isomer, and thus well within the range of the N O E effect, but 3.9 and 4.1 Ä in the corresponding £-isom er, a fact which can lead only to very weak N O E effects, if at all.
The overall mechanism of the formation of this by-product (10) from fenchonesulfonyl chloride (3) must involve a Wagner-Meerwein rearrange ment of the type which initiates the formation of 3-isopropyl-toluene on treatm ent of fenchone with sulfuric acid. We suggest a sequence of events as outlined in Fig. 2 , assuming that the WagnerMeerwein rearrangem ent occurs immediately after the protonation of the carbonyl group; a re action of a cation with the electrophilic thionyl chloride (leading to interm ediates like (14)) is un likely. The substitution of the hydroxy group for chlorine (9) -» (10) should therefore occur only after formation of the double bond (by proton elimination from the rearranged cation (8)). To see if cyclic intermediates, e.g. (13), could be in volved in the reaction, we have perform ed semiempirical calculations for the gas phase (M NDO) on the cations (7), (8), (13) , and (14). The results suggest that 7 is the most stable of this series of compounds, in accord with the form ation of the normal fenchonesulfonyl chloride (3) as the main product of the reaction. The cation (8) is calcu lated to be less stable with respect to 7 (AE = 35 kcal/mol), while other candidates for interm edi ates, such as 13 (AE = 154 kcal/mol) and 14 (zlE = 159 kcal/mol), are much more unstable, and it is therefore quite unlikely that they could be in volved, even if considerable stabilization by sol vation is accounted for. The fenchonesulfonyloxaziridine (6) is able to oxidize sulfides to chiral sulfoxides. The reactivity, however, is very low, com pared with, e.g., the dibromooxaziridine (16) [20] or the lacto-sulfonyloxaziridine (17) [18] ; reaction times of at least four weeks are necessary to give yields com parable to those obtained with 16 or 17 within a few hours. This can partly be explained by the higher electrophilicity of the oxaziridine oxygen due to the pres ence of the acceptor groups bromine or carbonyl. The reactivity is, however, even much lower than that of the simple camphorsulfonyloxaziridine (18) , which points to the the existence of ad ditional steric effects.
In the camphor derivatives, the methyl groups of the methylene bridge effectively shield the "up per" (exo) side of the C=N double bond of the imine and allow the approach of the oxidizing agent only from the (endo) side, leading to an ox aziridine with an oxygen pointing downwards (endo). The situation is different in the fenchone derivative lacking the methyl groups in the m eth ylene bridge, and the approach of the oxidizing agent could probably occur from both the (exo) and (endo) side, leading to oxaziridines (6) or (15), respectively. But only one oxaziridine is observed upon oxidation of the fenchonesulfonimide (5) with peracid. The decision if fenchonesulfonyl oxaziridine is 6 of 15 is best based upon the result of the enantioselective oxidation of sulfides. The camphor-derived oxaziridines (16) and (17) oxi dize sulfides to the (^-sulfoxides, in accord with the mechanistic model which postulates a planar arrangement of the oxaziridine ring and the sulfur atom in the transition state, coupled with minimiz ing of non-bonding interactions between the small and large groups of sulfur and the oxaziridine mol ecule [18, 30] , The fenchonesulfonyloxaziridine, on the other hand, leads to the corresponding (R)-enantiomers*. Thus, its correct formula is 6 and not 15. The latter would allow the access of the sulfide to the oxygen only from the exo-side, lead ing to the (S)-sulfoxides. Semiempirical calcu lations (MNDO) on both diastereoisomers show that 6 should be more stable than 15 for about 9 kcal/mol, and thus the exclusive formation of 6 upon oxidation of the imide 5 is not completely surprising.
The applications of fenchonesulfonyloxaziridine are limited by its low reactivity. As several weeks are necessary to complete the oxidation of sulfides under standard conditions (1 M CC14 solution, room tem perature), sulfoxides which are capable of the sulfoxide/sulfenate rearrangem ent, e. g. allyl sulfides, racemize completely during the reaction time. Methyl phenyl sulfide is oxidized to the (R)-sulfoxide with 43% enantiom eric excess, while omer. With ethyl p-tolyl sulfide as substrate, the difference in efficiency is less pronounced: 72% e.e. of the sulfoxide for 6 ((/?)-enantiomer), com pared with 89% e.e. for 16 and 76% e.e. for 17 ((S)-enantiom er). Thus, the fenchonesulfonyloxaziridine exhibits reasonable enantioselectivity in such asymmetric oxidations, but, for practical applications, lacks sufficient reactivity.
Experim ental
Semi-empirical calculations (M NDO) were per formed with the HyperChem software package (Autodesk Inc.), using the standard parametrizations. Unstrained geometry optimizations (PolakRibiere algorithm) were perform ed before the single point calculations.
NM R spectra were obtained with a Bruker AM 360 instrument, operating at 360.134 MHz for !H and 90.556 MHz for 13C. All spectra were obtained in CDC13 as solvent. GC-MS was per formed with a Carlo Erba 4160 chromatograph, equipped with a O V 1 column, and a Varian MAT 1125 spectrometer, using E l mode. Optical rotations were m easured with a Perkin-Elmer 241 MC polarimeter.
{(1 /?)-3,3-Dimethyl-2-oxobicyclo[2.2.1]hept-l-yl}-methanesulfonic acid (fenchonesulfonic acid) (2) was prepared by an adaption of the procedure given in [12] which is more convenient than using gaseous S 0 3 [11, 19] . Thus, to a mixture of (1S)-fenchone (Fluka, [a]^° = +62.0 (neat)) (50 g, 0.33 mol) and acetic anhydride (70 g, 0.69 mol), 96% sulfuric acid (54 g, 0.55 mmol) was added dropwise with stirring over a period of 1 h, while keeping the tem perature below 20 °C. The mixture was left standing at room tem perature for 3 weeks. Volatile parts were removed under vacuum and the residue extracted two times with hexane. A fter standing at -3 0 °C for several hours, the crystals were rapidly filtered with suction and recrys tallized first from benzene and then from hexane. Yield 65%, m.p. 65 °C (m onohydrate), [a ]^ = + 24.0 (c = 4, E tO H ); lit. [11] [a]23 = +24.15 (c = 3.16, EtO H ). NM R data see Tables I and II. { (1R) -3,3-Dimethyl-2-oxobicyclo[2.2.1 ]hept-l -yl}-methanesulfonyl chloride (3) and {(1S, Z)-l-chloro-7,7-dimethylbicyclo [2.2.1 ] hept-2-y lidenejmethanesulfonyl chloride (10): To fenchonesulfonic acid (25 g, 0.1 mol of the m onohydrate), thionyl chlo ride (100 ml) was added, and the mixture kept at 50 °C for 12 h. The excess of thionyl chloride was removed in vacuum. Recrystallization from hex ane gave fenchone sulfonyl chloride (3), having properties identical to those described [12] , yield 70-90% . The m other liquors contained a mixture of 3 and 10 which could not be separated, but NMR data for 10 could be obtained from the mix ture (Tables I and II) . (5) (2.1 g, 10 mmol), obtained from the sulfonyl chloride (3) as described [19] and having [a]^2 = +101.0 (c = 0.5, acetone), in dichlorom ethane (40 ml), was added a saturated aqueous solution of K2C 0 3 (40 ml) and 50% 3-chloroperbenzoic acid (8.5 g, 25 mmol) in five portions. A fter stirring for 16 h at room tem perature, the organic layer was sepa rated and the aqueous layer extracted with di chloromethane (2 times 50 ml). The combined or ganic solutions were washed with water and dried (Na2S 0 4). After evaporation of the solvent, the residue was purified by recrystallization from dichlorom ethane/ether (2:1), yield 1.7 g (75%), m.p. 108-110 °C (lit. [19] 
{(1S, Z)-l-

